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GEOLOGIC C’OXTAIXMEXT OF R.4DI0.ACTIVE \V.kSTE

Get.kgic containment for the disposal of radioactive waste has kn chosen or is k~ing

considered by many nations. Geologic disposal provides thr multiple bmirrs concq)t for

containment of long lived radioactive fission products and actinides in the waste IIKLt C?-

rial. The multiple barriers concept can be divided into two subsystems, 1) the twgincwrml

barriers, and 2) the natural barriers.

The engineered barriers consist of the waste form as a very slow dissolving matcriiil:

the canister containing the waste form, providing complete containment as long as tile

canister is not breached by corrosion or physical destruction; a buffer and/or backfill

material emplaced between that canister and the natural surroundings, which provides fur

slow migration of escaping radionuclides; and the last engineered barriers being any seals

used to seal likely pathways such as boreholes, shafts, tunnels, or fracture zones.

The natural subsystem provides the final burier to the escape of rdicmuclicles to

the accessible environment. Thr natural system, under expcc~ed conditions, could intlucc

transport of rarliunuclicles by interactions with grounc!watcr and also, in the cnse of the

unsaturated zone of Yucca Mountain, Nevada, through transport of volatile rmlionuclides

in the gas phase. The natural system acts M an effective barrier to radionuclide migration

because chemical reactions ret ard the movement of :~hemical species in the groum!wuter,

These reactions include d~e precipitation and co-precipitation of stable crystalline phmes;

the reactions between species in solution with the surfaces of minerals (i.e. ion exchunge,

adsorption, ●tc. ); and the formation and destruction or filtration of colloicls. A IIKKl(Il

calculation by de Marsily, ct all of five hypothetical hydrogeological settings dcrmmstrntcd

that even under the most favoratk hyckcdogical conditions, retarclution I)y chvmicnl rrnc-

tium WM most effective. Therefurc, it is vrry important to unkstnnd both tk clwlllicnl

mKl physicn] processes involvml in the tnigratio;l of rndionuclidcw,



Research programs must seek to reduce uncert aint ies in these predictions by way of site

characterization, reswuch into understanding the physictal and cilemical processes accing

within this system, and developing techniques of modeling the processes of raclionucliclm

migration within the natural system.

In this paper we prcwmt results of our work and outline our tholights on resolving

the uncertainties associated with the nature of the solubilities and speciation of actinides,

the formation of rmliocol]oids, the ~orption behavior of fission products and actinides and

the transport mechanisms of advection, diffusion, and dispersion for r~,dionuclides under

environmental conditions thought to exist at Yucca Mountain, Nevada.

S!21dik

It is not practical to measure the solubilities of all radionuclides that may exist in

nuclear waste under all conditions that may occur at the repository and surroundings.

Therefore, the technical approad used is based on thxee criteriw (1) select radionuclides

that are expected to be present in large quantities; (2) select radionuclidcs that have

volubility limits; and (3) select conditions that will bound expected conditions at the

repository and along flow paths to the far field.

The radionuclides selected for initial ~tudy are neptunium, plutonium, and ameri-

cium. These -Iements are expected to be present in the largest quantities and they have

the longest radioactive half-lives. Measurements are also planned for uranium, thorium,

radiun~, zirconium, tin, and nirke12. Radionuclicles which have high solubilit ies in nenr-

neutral pH grounclwaters , wxh aa cesium and technetium were not selected, It is expected

that the solubilitiee of cesium and technetium will not be determined by volubility linl-

its, but rather by dissolution rates of the waste package and ach-ptivc interactions with

gmlugic media,

The repository and far field conditions that could affect t hc solut.)ilities of rnclionuclidm

under considerate ion include numerous factors: temperature, pH, Eh, radionuclidc oxi[lw

tion state, concentration of compl~xing Iigrmls, ionic strength, radiation field, t“tc. WC will

I.leasure direct Iy the “appnrent” wdubilitim of radionucliclcs in grm.mdwater wuuphw tJJ-

taincd nt the Yucca Mountoin site. Groundwatcr mmphw with compositions tlmt Imwkrt

the range of expecttd conditions at Yucca Mountnina will bc taken from twu rxmrrwi,

Jyatrr !rom WCI1 J-13 is cxpectccl to be rrprcscntativ~ of the unsaturntcd zone ncnr tlw

proposc(l rl:~~dacmnent horizon (pH of i, mcxlrmtely oxidizing Eh, and a totul rrtrlx}iintr



ion concentrate ion of +10-3 ~). l~ater fr(ml \\:ell L.-E251)# 1 taps the carbonate a~lllif~’r

chat um.lerlics the rtqx)sitory horizon (lJH of 6.7. nmderatclj” reclllcing Eh ~. This ~~i~t~rnits

all ionic strength and coca! carbonate content an order of Inagnitll(k higher than thosr ill

J-13 watm~ The appartmt solubilit y measurements will l~e condllctecl at 25, 60, and 90° C’,

Thr pH ~-itlues selected for making nmasurcmmts are G, 7, and 9.5. This prcsupposm that

only order -of- nmgnit udc changes in the hydrogen ion mmcent ration can be exl}cct ml frt ml

the original value of the Yucca Xlountain grounclwater. Since the carbonate ion u[mccntra-

tion will be maintained at th’r amount the water had in its origirml state. ci,rbon (li(xi(lc

partia! pressure tmd pH will be maintained through out the experiments. Tlw ~)l!-~ti~t is

described in detail elsewlmre 4. Some experiments are I)lanned using various icmic st rcllgt h

solutions since some cvidcnrc suggests that water in the unsaturated zone mny hare high

concentrations of dissolved species. Also planned are experiments using two different iso-

topes of the same element (e.g. 23gPu; tl/2=2.41 x 104 yr, and 242;Pu tl/2=3.76 x i05 yr)

in order to im-estigate the effects of differrnt radiation fields. The Eh and concentration

and speciation of the radicmuclides are measurable parameters depemlcmt on the condi-

tions outlined above. In these apparent volubility experiments, upper and lower limits will

be determined in most cases by approaching the volubility from both oversaturation rmd

undersaturhtion. Thcrcf(m, if true thermodynamic equilibrium is not att~iucd, then the

scdubility range will l-w bracketed.

SIMiAla



oxygen–donor ligancls to form species that have greatly incrmased volubility limits. For this

reason, the speciation study ~vill focus on the carbonate compiexes of actinidcs, but il(li li-

tional work is planned to study other potentially important completing ligamls Commi>llly

found in grounchvater (e.g.. fluoride. phosphate. humates, rt c. ).

Carbonate ion speciat ion oft he act inides under reluvnnt repository conditions imwlvrs

equilibria such as

PU4+ + mHCO~ + xlHz’ ~~ [PU(OH),, (COJ),,]~-n-zm + (n + m)H+. (1)

It is difficult to study these equilibria directly using conventional analytical methocls

because at environmentally relewmt pH values, the concentration of Pu’+ is extremely low

and well below the sensitivity limits of conventional methods, We are currently pursuing

two of the most promising approaches to dealing with this problem. The first appro~ch

is the method of competitive complexation 5. This method utilizes conventional electronic

absorption spectroscopy to obtain speciation data, This approach requires deviation from

site-specific com.lit ions so that sufficiently higli r~dionuclide concentrations ( 10-3 ~ can

be maintained and detected by absorption methods, In order to bridge the gap !~etwccn

the well-characterized free ion, such as PU’l+ at low pH values, and the highly compkwcd

hyclroxycark.mate complex at high pH values, an intermediate cornpetit ive comphvcing

ligaml is used. JVe use citrate ion for this study, Previous work shows that carbonate ions

successfully compete with citrate ions fur the cwm.linatiun of actinidcs. Three steps arc

reqllired in this s)’NIY; wc must investigate ( 1) the pure carbonate/actinide syotem; (2) the

pure citrate/actinide system, and (3) the mixed cmbonrde-citrate/nctinide system. This

will ultimatt.$’ permit expression of the c~rbonate formation constants for Eqllation 1. in

terms of the principal radicmuclicle species present in solution (e.g., PU4+ ),

The second approach to speciation studitw does not tlm convcntiontd annlytictd mcth-

od~m \Ve arc developing ultra .sellsitivc Imwr--bascd spcctroscol)ic tccluliflucs fur ~.lircrt

spectral drtrction of species under relevant site specific wnditious d mnbicnt com’twtrn-

ticms ( < 10-8 ~), Thcw techniques ilwlude the ahsorptiml IJascd probes photuncollstic

spcctrwwopy ( PAs ), 1A the related method of plmtothcrimd Wlcction ( PDS ), IUN1tll{~

ct)li~l}lillu’tltnry, mui~~ion lN.wcd probe, Iawr in[luccd fluormcemw ( LIF) spcctrosuq)y, Cl-

tilllutrly, rlm”trollic w1wclrn 4wc ubtainwl hy nll t)f the nlxn”r nlrtlmds mltl tlw g(ml is t,fj

vxtrnct structural illforulntion. The eltx%ronic ~l]ectru of actiliidvs nrc dml~ilmtcd I)y chnr-

actcrirntidly tmrrow f ~ trnn~iti(uls wllicll nrr (Illitr Nrl]sitivc to rl(’ctrollic (’llvi:l)lllll(’lltlll



changes brought about ‘by the perturbation of the cmnpltwcd ligaml. However, tk relation-

ship between spectral signatures and structures must gwlcrally be established tmlpilically.

Accordingly, part of our ttask will be to establish these spectral signatures for the various

actinide species extant under sitespecific grmmdwater conditions.

C!dkids

A subt=k of the speciation task is the study of colloid formation, characterization

and stability. The potential for radionuclide movement in groundwater is btwed not only

on soluble ionic species, but on colloidal part iculates as well. Additionally, these colloids

could break up to form ionic species as an additional source of soluble radionucli(ies.

There are essentially three types of colloids: radiocolloids, natural colloids, and psue-

docolloids. Radioeolloids are pure particles of the radionuclides. Natural C(dloids are

particles of natural minerals, which are generally not radiowtive. Psuedocolloicls are nat-

ural colloids which have been “combined”’ with ionic or solid forms of radionuclicles. In

the volubility/speciation task, we w-ill concern ourselves only with true radiocolloids.

To assess the potential for radiocolloicl transport, information is needed concerning

the likelihood of colloid formation under water conditions at the Yucca Mountain site and

the stability of colloids once formed. Two radionuclides that may form stable colloids

under these conditions ha’~e been identified: plutonium and americium. In order to un-

derstand the behavior of these colloids in Yucca Mountain groumlwater, it is important

to study both their physical and chemicid properties. The most important physical char-

acteristics are particulate size, density, and bulk charge. These characteristics cletermil]e

t ranqxxt /ret arclat ion mechanisms such as filtration, adsorption, sedimental ion, etc. The

most important chemical properties are chemical reacti~’ity and colloid structure. A host

of analytical methods are being brought to btmr on this study including, absorption, dif-

fuse reflectance, and autocorrelatitm spect roscopics, ccntrifugation, filtrat ion, chenical

and elect rochernical redox methods, and x- rriy diffract ion and absorption fine st ruct urc

met hods.

SQcAYIA

The sorptiun studies arc dvsignrd to obt~in vducs for sorptiun cocfficiruts for IISCill

lwrformance assessment calcu]ati[ms and to obtain insiglit into the mechuniwns by which

various radit.muclides sorb onto tuffaceuus matt!rials. Such insight will enhance coufi[lencr

in USe of the enlpirically measured s(wption c(x’fficients. TIKmmSti hmt coml)ihvl n (!lltil;JnS(’



of sorption ratios obtained by batch techniques for most of the important rndionuclides

in spent fuel. The ratios in this database are for certain rock types and ground waters

found in the Yucca Mountain site. Many of the coefficients in the database, particularly

those for the actinides are not sudiciently reliable to be used in performance assessment

calculations in support of a license application. The following discussion cutlines the

present uncertainties in the database and outlines our approach regarding their resolution.

Experimental Artifacts

Batch sorption experiments are conceptually simple and basically involve contacting a

given volume of ground water from the site, spiked with the radionuclides(s) of interest,

with a portion of crushed solid material either from the site or representative of some

mineral species present within the site. After some predetermined contact time, the con-

centrations or radioactivities of the elements of interest are measured in the solution and

solid and a sorption ratio k calculated.

Experimental artifacts that can complicate the interpretation of the data obtained

include dissolution of the substrate (i.e. crushed rock) during the experiment and pre-

cipitation. Dissolution of the substrate influence the measured sorption ratios primarily

through the formation of colloidal and other fine particulate (i.e. disaggregation). The

formation of colloids or fine particulate is problematic if they cannot be efficiently sepa-

rated from the solution prior to tLe concentration analysis u. For radionuclicles with high

sorption coefficients, small amount: of colloid or :mrticulate material remaining in the so-

lution will not only result in underestimation of the sorption coefficient but will complicate

the interpretation of the experimental data in terms of possible sorption mechanisms. }Vc

have found that ultrafiltration (i.e. 0.03 micron pore size) appears to remove most of the

colloidal material from solution, Ultracentrifugation appears to be a less efficient tccimique

for the solid-liquid separations.

Precipitation can also have an appreciable effect on the mcwmred sorption ratios p[,r-

ticularly for elements such as the rare earths, americium and plutonium. The .w.debilities

of compounds of the actinides americium and plutonium in Yucca Mountain ground writers

have unly recently been quantified to an acceptable levele. The new results indicate these

solubilities are significantly smaller than previously thought, 13ecause the sorl]tiou ratios

for ammicium and plutonium reported in Tllomase were obtained with solution llil~illg

higher concentrations than the measured solubilities, these ratios are called illto (Imwticm,

lVC have initiated a new set of ex~rimcnts using solutions that have Concciltrutiuns lNI]OW



the current est irnates of solubili t ies for these elements. This poses an analytical problen’

in that the solution concentrations of these elements in a typical sorption experiment ted

to be very low because these elements have rather large sorption coefficients. To analyze

these concentrations we have developed mass spectromet ric isotope dilution procedures

\vhich allow accurate determination of americium and plutonium down to the picogram

level.

Bat ch labor ator~” experiments vs. field setting

Because the hydrologic regime in Yucca Mountain is complex sorption ratios measured

in the laboratory on crushed rock material must be used with caution, Factors that could

effect the applicability y of these ratios include ( 1) fracture vs. matrix flow, (2) variabil-

ityy of substrate composition, (3) variability of ground water composition, (4) changes in

water/rock ratios, (s) the number of sorptior. sites accessible to the flowing groundwater

in crushed vs. in situ rock, (6) colloid transport, (7) sorption reaction kinetics, and (8)

complex source term (i.e. waste paclage) solutions. Although resolution of these issues

will involve the results of various types of investigations, appropriate sorption experiments

are a prerequisite.

The first two problems can be addressed largely through batch experiments on sam-

ples of pure minerals found along fractures and within the matrix of rock units in Yucca

Mountain. Factor number three can be bounded by experiments involving the end-member

water compositions presently found within Yu,-ca Mountain or anticipated in the future

and pure minerals or whole-rocks. Changes in water/rock ratios can be addressed with

isotherm measurements on appropriate rock and mineral samples7. Data on the number

of sorption sites available in in situ rock vs. crushed rock can only be obtained by carry-

ing out laboratory and field experiments involving solid rock. Because these experiments

are difficult to carry out and interpret, their number will be much more limited and they

must be designed to provide the maximum probability for success. Batch sorption experi”

ments can be used to further these goals. Colloidal transport complicates the application

of sorption ratios in trmxqmrt calculations because colloids offer an independent mode of

transport that is not addressed in the typical sorption experiment. However, batch sorp-

tion experiments can measure the degree to which important radicmuclides are sorbed on

the colloids once the colluicls are identified in sufficient detail. Sorption kinetics can bc

10 The results of ~~1~11studied directly by batch experiments carried out in a time series .

studies can be compared with the results of column experiments in which the fluw rntc is

a vnriable.



Sorption }leuhanisms

Understanding of the mechanism or reactions by ~vhich radionuclidm sorb to geologic

materials ~vill aid in the validation of empirically determined sorption ratios and imprm-c

confidence in the application of the ratios. Possible sorption mechanisms appropriate to

the Yucca Mountain site include (1) ion exchange on minerals such as clays and zeolites, (2)

surface complexat ion reactions on iron and manganese oxides and oxyhydroxides, frame-

work silicates such as quartz and feldspar, and possible phosphates and carbonates, and (3)

precipitation in solid solutions of carbonates, phosphates, or other low temperature nliner-

als. Ion exchange reactions in minerals such as clays and zeolites are well documented and

11 For these reactions, the sorption ratios determined on crushedtheoretically understood .

samples me not very different from ratios determined on solid samplesl 2 because the ex-

change sites are largely intracrystalline. Therefore, the \alue of the sorption coefficient

for simple cations in given rock is largely a function of the zeolite and clay content cf the

rocIi7.

The behavior of the actinides americium, plutonium and neptunium appear more com-

plicated as no simple correlations !xtween sorption ratios and the abundances of the major

ion exchan~ minerals have been obse.wed 7. These elements, in complexed form, may sorb

dominantly by surface complexation reactions. Iron and manganese oxide and oxyhydrox-

ide minerals appear to have a strong affinity for these elements presumably as a result of

such reactions13. Because americium and plutonium have rather low solubilities in dilute

ground water solutions, studies of sorption r ,echanisms for these elements are difficult, to

carry out wit bout using oversat urated solutions. However, the higher volubility of nep-

tunium compounds have allowed the use of spectrosco~!c techniques such aa EX AFS and

XANES in the in~-estimations of sorption mechanisms.

The mechanisms by which anionic species sorb is also of great interest becaiwe gome

important radionuclides such as technetium are dominantly in anionic form in environments

representative of the Yucca Mountain site, Although the sorption of these species is likely

minimal, it is important to measure the ratios as accurately as possible, In this regard, the

know affinities of iron and manganese oxide and oxyhydroxicle minerals will be investigated

in some t.htail,

Jladio~clide TrFulsD c)r~

The theory of transport through porous media were developed primarily for chcmli-

1‘ The theorctictd methods were dcveluped with the principal pllrposc ofca! engineering .



designing efficient separations processes for the clwmici-d industry [Isiug rl~~lll;~togrill)lli~.

columns. Chromatographic columns arc gmmrally ll~)llltlgc’llc’t~llsIvi[ll rcsl]t’ct to both 11)”-

draulic properties, i.e.. porosity and permcribility. and clwmical propmtirs. Trimsptxt in

geologic me(lia is on the ot hcr hand complex hydrologically and c-hcmically. Hydrologists

have successfully applied the principles developed for column chromatography Ilsing tll~l

simplifying assunq)tion of a rc~)resentativc elementary volume, RE\-15. Hmvcvcr, the m-

resumption of an RE\- is oldy valid under special circumstnnccs. .+ general ~lpl)roacll to

modeling transport in complex hydrologic systems has yet to bc developed,

The probiem is to develop an approach which minimizes the level c-f detail required

to make predictions within a required level of certainty. Modern stochastic modclslG’lT IIU

capable of calculating the .ransport of conser~ative tracers describe the hetcrogencit!” of

aquifers in terms of the covariance of the permeablli ty distribut iori. Spatial covariancc

is a property observed in Fract al geometry 19 and other nonlinear phenomena, such as,

cellular automata. This opens many avenues for generating realistic models of hydrologic

transport. The effect of the spatial variation of the geochemical and/or sorptive properties

with respect to transport has not been calculated. A concern in terms of making accurate

predictions of raclionuclide migration is the effect of cowtriance bet ween permcabilit y and

sorption. For example, if the highly sorptive minerals, such as, smectites, correlatc[l with

zones of low permeability. Then the radionuclicles contained in the fastest water would in

addition have a retardation factor below average. This could greatly increase the observed

dispersion and lead to early breakthrough of small quantities of radioactive waste.

The Dynamic Transport task has as its prima~ mission the task of testing the assump-

tions made in the theory of chromatography and hydrologic transport by experimentally

observing the transport of radionuclides in laboratory to field scale experiments, and a sec-

ondary mission of \alidating the sorption results in tuff columns of varying complexity. The

simplest experiments are performed with crushed t uff uniformly packccl in acrylic columns.

These experiments utilize crushed tuff prepared in the same manner as the crushed tuff USC(1

by the sorption task. Significant discrepancies could indicate the presence of coexisting

chemical species of the same element, colloid formation, and/or pseuclocolloid formation.

The kinetics of scqltion can be studied by varying the water velocity and measuring tlw

dispersion of the breakthrough curve ~asa function of velocity.

The results of crushed t uff columns have yielded the. following conclusions. Tlw ol}-

serv” 1 retardation factors for alkali metals and alkaline cmths have agrcetl with those



predicted from batch sorption measurements of 1(~ using the equation20 121,

I<d~
Rj=l+—

e“

The actinicles neptunium and anmricium on the other hand h~ve exhibited unrctardccl

breakthrough 22. For americium the amount which elutes early is a small fraction usually

* 1 percent of the total ainericium injected.

The next level of complexity is to perform radionuclide migration experiment with in-

tact tuff columns. These columns will not have the hydrologic simplicity that the uniform

packing of sieved crushed t.uff provides. They will however be free from the uncertainty

that crushing causes ir. terms of the surface properties of minerals. These samples re-

tain the natural hydrotlynamic dispersion (valid for the laboratory seals) for porous flow

through the tuff matrix. These experiments have produced interesting results. Samples

of densely welded tuff from the Topopah Sp~ ing member, Yucca Mountain, Nevada have

exhibited elution curves which cannot be fit to the conventional advection-dispersion equa-

tion, ADE2S. The curves can be fit however with a time dependent equivalent dispersion

caliicient 24. This phenomenon was theoretically shown to be the result of the spatial dis-

16 Themost dramatic consequencetrilmtion of permeability by Matheron and de Marsily ,

of the time dependent dispersion is the effect on the prediction of breakthrough times for

sorbing trscers. If the conventional ADE is empluyed to predict the breakthrough of stron-

tium the expected breakthrough in the solid tuff column would be at ml,5 yews. baaed on

batch sorption measurements. The actual breakthrough occurs within a few weeks of the

start ~f the experiment. ‘rhis is a discrepancy of greater than an order of magnitude. If

the dispersion ,s given a time dependence the elution curve can Ix fit witl: the measured

batch sorptio~i cdficient. The observation of time dependent dispersion in laboratory

scale migration experime,..’.s has provided new insight into the effect of heterogeneity cm

the retardation of sorbing radionuclides. Time dependent dispersion has been observed in

the tritium elution from the CAMBRIC field test in tuffaceous alluvium on the Nevnda

2* The question which nrismTest Site for the Hydrology Rwlionuclide hligration Project ,

from these column experiments is when can one expect to observe the clution of sorbing

radionuclidm from CAM13RIC,

The next level of complexity is achicvml with fractured tuff. In fractlwcd rock th~ !iIlid

flows through discrete fractures with a c!mrncteristic dispersion dominated hy the vnrintion

in permeability within the fracture, ‘llmcers will diffus~ i:~to the rock nmtrix perprmlimll:w



26 Radionuclide migration experimentsto the fracture as first pointed out by Neretnieks .

in saturated tuff fractures have confirmed the importance of matrix diffusion. Elutitms of

conservative tracers can be described adequately by the analytic solution tc tht= advect iwl

dispersion equations of Tan:: et alz7. Adjustment of the fracture aperture from the cubic

law aperture determined from the fracture permeability is requirml to fit tracer datn in

some fractures. Elutions with sorbing tracers have exhibited some early breakthrough clue

to pseudocolloid formation or channeling. It may be possible to model the latter with ~inm

dependent dispersio~ in the fracture. Collaidal tracers have exhibited a peculiar shift in

apparent fracture aperture with colloicl diameter, This phenomenon has not been fully

explained but is possibly the result of channeling. More transport experiments with t ulf

fractures and more detailed characterization of thr water flow paths through the fracture

are required to adwmce the understanding of radionuclide migration in discrete fractures,

In summary, we are performing research on chemicp.1 and physical processes important

to conducting a performance assessment of the Yucca Mountain Site, Nevada. ‘i’he infor-

mation generated will increase the confidence and decrease the uncertainty in the long-term

predictions of radionuclide migration. The specific research being conducted includes:

1. Experimental determination of volubility limits of fission products nnd actiniclcs

including the collection of thermodynamics data.

2. Experimental determination of chemical speciaticm of important fission products

and actinides through the use of new spectroscopic methods,

3. Experimental determination of the size, structure and chen]ic~ ~llavior of ra~io-

colloids.

4. Basic understanding of factors leading tu uncertainty in the sorption dntulmw

and development of new experimental techniques and mcthcxls to rcducc t.hew’

uncertainties.

S Analytical and experimental progr~m to umkdand blwic sorption mcchtmisnl~ (r.

g. EXAFS).

6 Busic understnm!ing of fnctors hmding to uncmtniuty iu the trnnspmt llwrlmlli~llls

of advcctiun, diffusicm, und di~lwrsiwl through tllc use of cxporin] wts nml tlwory

(.lCvcl(qmwrlt .
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